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Abstract
The repetitive opening and closing of fluid filled lung regions, during low tidal volume
ventilation, exerts mechanical stress on epithelial cells. Studies were performed on
epithelial cells to evaluate the cellular damage that may occur due to mechanical stress.
Bubble oscillations performed at IA Hz and 1/2 Hz, from a minimum diameter of 0.7 mm
to a maximum diameter of 1 mm, for periods of up to ten minutes, provided
inconclusive results regarding cell death. Static pressures from 0 to 22 cmH 20 applied fII
to cells did not cause cell death. Bubble propagations performed at 23'C demonstrated
a greater amount of cell death at O.3mm/s than at 30mrn/s due to the increasing
pressure gradient. A temperature variation study of bubble propagations showed the
greatest amount of cell death at 23'C. Cell death that occurred at 4'C and 37'C was
similar at both temperatures and occurred to a lesser degree than it did at 23 'c. This is
attributed to changes in mechanical (elastic modulus) and biological properties (repair
mechanisms) of the cell as a function of temperature. Contrary to the original
assumption. these results suggest that in addition to the mechanical properties of the
cell. the intrinsic biological properties of the cell (i.e. its ability to repair ruptured
membranes) play an important role in the prevention of cellular damage during the
mechanical ventilation of fluid-filled lungs.
1. Introduction
J. J Respiratal')' System
The respiratory system is one of the major systems in the body and it performs the
essential task of exchanging oxygen and carbon dioxide. On a cellular level, the cells
in the body are fueled by oxygen and they expel carbon dioxide as waste. Our bodies
depend on the respiratory system to aid this cellular process. During inspiration, the
system inhales oxygen, which travels into the blood stream to fuel the cells. The
opposite occurs in expiration as the system extracts carbon dioxide from the blood
stream and carries it out of the body.' Without the respiratory system, cells would not
function. Hence, without the respiratory system, we cannot live.
The respiratory system is constructed of many intricate parts that are illustrated in
Figure 1. These parts, combined, are commonly depicted as an upside-down tree. The
trachea of the lungs represents the trunk, while the bronchi and bronchioles represent
the branches of the tree. Starting in the mouth and/or nasal passage, air enters and
travels into the pharynx (throat). From the pharynx, the air runs through the larynx
(voice box) into the trachea. In the trachea, air branches off into two separate bronchi
and then into several bronchioles. Finally, the air ends up in the millions of alveoli,
which arc bundles of air sacs, at the tips of the bronchioles. I This marks the end-point
of the respiratory system. Carbon dioxide takes the exact opposite route through the
respiratory system.
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Figure 1: The Respiratory System I
The alveoli are the most important element of the respiratory process. This is because
they possess a membrane known as the alveolar-capillary barrier or blood-gas barrier.
The barrier covers an approximate surface area of 50-100 m2 and is in the range of
0.2-0.3 !-lm thick. Its large surface area and thin construction allow for optimal gas-
exchange between the capillaries and alveoli,2,3 Essentially, the alveolar-capillary
barrier's purpose is to control gas-exchange between the body and the outside
environment. The barrier accomplishes this by allowing for diffusion of carbon
dioxide from the pulmonary artery and oxygen to the pulmonary vein. I
The barrier is formed by both an endothelial and an epithelial layer of cells along with
an extracellular matrix, as shown in Figure 2. The endothelial layer resides on the
outer side (capillary side) of the alveoli to form the capillary endothelium, while the
epithelial layer COvers the inside (alveolar side) to form the alveolar epithelium, In
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between these two cellular layers is extracellular matrix, which is comprised of
collagen type IV, providing a surface onto which the cells attach and grow to form a
monolayer.:u The research discussed in this paper focuses on the alveolar epithelium.
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Figurc 2: Cross-scction of thc Alvcolar-Capillary Barricr 2•.\
The majority (90%) of the alveolar epithelium consists of type I epithelial cells, which
have a flat profile. Their main responsibility is to maintain the structural integrity of
alveolar epithelium's water-impermeable properties. The other 10% is formed by type
II epithelial cells. The type II cells are found in the corners of the alveoli and have a
cubodial morphology.~ Their primary responsibility is the production of surfactant
molecules. These surfactant molecules attach to a thin layer of fluid which lines the
alveoli and bronchioles, reducing the surface tension in these regions. The type II cells
also have the ability to differentiate into type I cells. This occurs in the event of
cellular injury to replenish the type I cells.~ This prevents blood fluid on the capillary
side of the alveoli from entering and helps to maintain proper gas-exchange.
Functioning properly, the respiratory system is a fascinating work of nature. However,
problems may occur, which could turn this elegant process into chaos. Specifically,
many of these problems occur during Acute Respiratory Distress SynJrome (ARDS),
which can result in serious complications for the respiratory system.
1.2 Acute Respiratory Distress Syndrome
ARDS was first recognized in 1967, when a group of patients with unique,
unexplainable conditions were treated for respiratory failure. The illness was originally
known as traumatic wet lung, shock lung, or congestive atelectasis. Before 1992,
ARDS stood for Adult Respiratory Distress Syndrome, but later in 1994, The
American-European Consensus Committee on ARDS changed the "Adult" to "Acute"
realizing that the illness was not age-specific. Research conducted by the National
Institutes of Health (NIH) approximated that ARDS occurs in 75 per 100,000 persons
per year. In the past, patients with ARDS had less than a salsa chance of survival.6
Fortunately, new techniques, which arc presented in later sections of this paper, have
decreased this mortality rate.
ARDS can originate from several different insults including. but not limited to
bacterial/viral infection in the pulmonary system and sepsis from the stomach.'
Figure 3 presents additional injuries that can lead to ARDS. The illness targets the
alveolar-capillary harrier. which lines the alwoli. In general. ARDS attacks hoth the
endothelium and epithelium cell layers. In the interest of our research. ARDS
irreversihly damages the epithelial type I cells that maintain the hlood-gas harrier. 6
.:'
This allows pulmonary fluid to cross the barrier into the compromised lung regions
causing pulmonary edema.7 In addition, as type I cells are being damaged, the
epithelial type II cells convert to replace the injured type I cells.) This process leaves
the main role of the type II cells, as surfactant producers, unfilled and results in an
increase of surface tension within the bronchioles and alveoli. 8.9 This chain of events
contributes to the loss of the infiltrated alveolar regions as effective gas-exchange sites.
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Figure 3: Possible Initiators of ARDS 6
Duc to thc disruption of thc blood-gas barricr. individuals with this illncss arc not able
to cffcctivcly vcntilatc thcmsclvcs. which in turn affccts thcm on a ccllular lcvcl. Thc
compromiscd arcas of thcir lungs can no longcr pcrform thc cxchangc of oxygcn and
carbon dioxidc rcquircd for living.7 Thc prcscnt trcatmcnt for thcsc individuals
involws mcchanical vcntilation. Unfortunatcly. cvcn though mcchanical vcntilation is
effcctivc at aiding in thc gas-cxchangc process. it has scvcrc sidc cffccts.
(,
1.3 Mechanical Ventilation Treatment//njur.v
Mechanical ventilation is presently the accepted treatment for ARDS patients. In the
past, the objective of mechanical ventilation was to push oxygen into the collapsed and
fluid filled airways by any means possible. The premise was that oxygen could be
forced into these compromised areas, temporarily replenishing the oxygen levels in
patients' blood. With this in mind, patients were normally treated using tidal volumes
of approximately 10-15 mllkg of their body weight. This volume is large compared to
the 7-8 mllkg that individuals take in under normal breathing conditions. 10 Recently,
research has shown that the use of high tidal volume can worsen a patient's condition.
Volutrauma is one of the major problems with high tidal volume ventilation. It is a
type of lung damage due to over-distension, which occurs when a high volume of
oxygen is pumped into the lungs. I 1.12 The large tidal volume of oxygen overextends
the walls of the alveoli. causing damage to the epithelial cells lining the alveolar-
capillary barrier. Researchers have studied the effects of cyclic stretching and
compressing of the epithelial cell monolayers in order to understand volutrauma. \:1.\ s
This research has been accomplished by growing epithelial cells on a flexible
membrane. and then performing cyclical stretch and compression to the membrane. It
has shown that the cells ability to migrate. spread. and proliferate is ad\'ersely affected.
Cyclical stretch and compression pre\,ents the cells from repairing themselves and
causes cell death. This research explains how additional damage. to an already
compromised al\'eolar-capillary barrier. can occur from the use high tidal \'olume
ventilation.
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Another problem which occurs during high tidal volume ventilation is biotrauma.
Biotrauma is caused by the release of inflammatory mediators and cytokines from the
. d I . II P U I' I h . fl d· .traumatIze ung regIOns. . - nlortunate y, t ese 10 ammatory me lators are tOXIC
and cause the body's organs to shut down. Researchers are currently studying these
mediators because they playa pivotal role in Multiple System Organ Failure (MSOF).
Significant levels of the mediators have been found in the blood downstream from
MSOF patients' most affected organs. 11.19 Presently, MSOF is the leading cause of
death for mechanically ventilated ARDS patients. Figure 4 displays the chain of
events that initiate MSOF.
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Figure .t: Flow Chart of :\IS0F \q
Recently. new \"entilation strategies ha\"e been put into place in an effort to decrease
the mortality rate of ARDS patients. This new approach uses tidal \"olumes closer to
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normal breathing conditions. In a recent clinical study, the mortality rate was reduced
by 22% when the tidal volume decreased from 12 ml/kg to 6 ml/kg. In fact, the group
of patients ventilated at the lower tidal volume required ventilation treatment less often
than the high tidal volume group.IO Fortunately, this low tidal volume ventilation
approach prevents volutrauma and reduces the amount of biotrauma in patients.
However, low tidal volume ventilation has its own problems.
Atelectrauma is an injury commonly associated with low tidal volume ventilation.
This injury occurs from the repetitive opening and closing of compromised lung
regions.ll.l~ These regions are compromised by fluid, collapse, or both. The repetitive
opening and closing of these regions requires a large force and this produces high shear
stress. I I Hydrodynamic forces are also present due to the influx of oxygen into the
edema fluid. which has filled these lung regions. ~O.~I.2~ The combination of these
forces can directly affect the epithelial cells in these regions. The amount of damage
incurred by the cells during atelectrauma depends on the degree of stress applied to the
cells and the cells' rheological properties. ~~.~4 The rheological properties can govern
the susceptibility of the cells to damage. Currently. research in this area is insufficient.
Originally. mechanical ventilation was a crude idea. The idea was to supply the injured
patients with oxygen by any means possible. At the time. that meant forcing oxygen
down into the patients at tidal volumes greater than normal respiration. From research.
we haw learned there is a better way to approach the problem and treatments haw
been improved. However. further research is warranted. The focus of current and
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future research must concentrate on understanding the problems during low tidal
volume ventilation. This is essential as the medical community works to enhance the
survival rate of ARDS patients.
1.4 Research
Our research focuses on the cellular damage that may occur to epithelial cells during
low tidal volume ventilation. This injury takes place due to the repetitive opening and
closing of the fluid filled lung regions. During the opening and closing of these
regions, an air-liquid interface is formed by the ventilated oxygen coming in contact
with edema fluid in the damaged lung regions. Figure 5 shows the interaction between
epithelial cells and the air-liquid interface. Picture A in Figure 5 represents a fluid
filled airway, while picture B represents a fluid-filled alveolus. The scientific
significance of fluid mechanical stress, produced from the air-liquid interface acting on
epithelial cells, is not well understood. The research objective is to study and evaluate
this cellular damage that may occur due to the mechanical stress. Ultimately, this
could help to optimize treatment techniques for ARDS patients and improve their
survival rate.
10
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Figure 5: Formation of the Air-Liquid Interface
2. Materials and Methods
2. J Basic Cell Clllture
Cell culture was an important clement in this research because all of our experiments
were performed in-vitro. The cells were harvested from donors and grown in an
incubator. In order to perform experiments, one must understand the intricacy of
growing and caring for cells while using sterile techniques. This process itself can take
a few months to perform adequately and years to perform flawlessly.
Two essential components in cell culture are the incubator and the hood. The incubator
allows for control over the cell growing environment. Different types of cell lines
require certain temperature settings and gas ratios. which can be controlled with the use
of an incubator. The hood allows for sterile interaction with the cells. When cells are
brought outside of the incubator. they are handled inside of a hood to avoid
contamination. If the cells are contaminated. they must be discarded. Also. in the
cyent of a contamination. the incubator and hood must he wiped down ,,·ith 70S-
II
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Figure 5: Formation of the Air-Liquid Interface
2. Materials and Methods
2.1 Bosie Cell Culture
Cell culture was an important element in this research because all of our experiments
were performed in-vitro. The cells were harvested from donors and grown in an
incubator. In order to perform experiments, one must understand the intricacy of
growing and caring for cells while using sterile techniques. This process itself can take
a few months to perform adequately and years to perform flawlessly.
Two essential components in cell culture are the incubator and the hood. The incubator
allows for control over the cell growing environment. Different types of cell lines
require certain temperature settings and gas ratios, which can be controlled with the use
of an incubator. The hood allows for sterile interaction with the cells. When cells are
brought outside of the incubator, they are handled inside of a hood to avoid
contamination. If the cells are contaminated, they must be discarded. Also, in the
event of a contamination, the incubator and hood must be wiped down with 70%
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alcohol to clean them of the contamination. It is important to practice sterile
techniques when handling cells to avoid delays in the experimentation process.
During these experiments, CCLl85 and CCLl49 epithelial cells were used. The
CCLl85 cells are an immortalized (cancerous) human lung cells. The CCLl49 cells
are rat lung cells and are not immortalized. Even though the CCL185 cells are human,
the CCLl49 cells act more like human cells due to their non-cancerous nature.
Cancerous cell lines tend to lose cell-to-cell contact inhibition. This causes the cells to
grow on top of one another and deviate from their normal growing pattern as a
monolayer. Also, immortalized cells are tougher, enabling them to withstand more
punishment than the average cell. For this reason, research with the rat cell line will
provide the most realistic results. However, using the human lung cell line will
provide the opportunity for comparison of the two cell lines.
To begin the culturing process, frozen cells are purchased from American Type Culture
Collection (ATCC). The cells are thawed quickly and then transferred to a polystyrene
culture flask containing 5 ml of cell media. Ham's F12K cell media. contai ning
817r fetal bovine serum. IC;, antibiotic solution. IC;, fungizone solution. covers the cells
at the base of the flask. providing the essential nutrients to sustain the cells. Now the
cells can be placed in an incubator. which maintains a temperature of 3rc. Also. the
cells require the gas in the incubator be set to a ratio of 95C;-, O~ and 5C;-, CO~. The cells
will take approximately twenty-four hours to settle on the flask surface and form
attachments. After the cells attach. they will begin the process of dividing and
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spreading over a 25 cm2 area. The cells will grow in this environment until they are
confluent.
During the growing process, cells will consume the media in the flask and excrete
waste. The media contains a pH indicator that is initially red in color and eventually
lightens to a shade of yellow as the media becomes acidic. It is important to change
the media to keep the cells growing healthy. Normally, the media needs to be changed
every two to three days. The more confluent the cells are, the more often the media
will need to be changed. This is done by pouring off the old media and adding 5 ml of
fresh media. The cells need to be fed until they are confluent and ready to be
harvested.
In order to maintain the cell line and obtain cells for experiments, the cells must be
harvested. Harvesting is the process by which confluent cells are extracted from a
culture flask. First. old media is poured off the cells and IX Phosphate Buffered Saline
(PBS) is used to rinse the flask of waste. Then 3 ml of trypsin are added in the flask
and incubated for ten minutes at 37'C. Trypsin causes the cells' attachments to give
way and the cells begin to float in the surrounding fluid. After the cells are taken out
of the incubator. the flask is tapped gently to dislodge the cells from the growing
surface. Media is added to the flask to equalize the effects of the trypsin. Next. the
fluid containing the cells is extracted from the flask and placed in a centrifuge tube.
The centrifuge tube is placed into a centrifuge and spun at 7.50 rpm for fi\'c minutes.
When the ccntrifugc is finished a pellet 0f cells will rcmain in the base 0f the centrifuge
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tube. At this time, the remaining liquid is poured off into the waste and fresh media is
added to re-suspend the pellet. Now a cell suspension remains. From the cell
suspension, new flasks can be seeded and cells for experiments can be acquired.
When seeding a new flask, it is acceptable to pull a few microliters from the cell
suspension and place it into a new flask. For example, if 10-15 III of a confluent cell
suspension is added to a new flask, it will take approximately a week to grow
confluent. However, when seeding for an experiment it is important to know the cell
concentration in the suspension. This helps determine the seeding density for the
experiments. To begin counting, a mixture containing 10 III of cell suspension and
90 ~t1 of trypan blue must be made. Trypan blue is an exclusion dye and labels cells
that are dead in blue. Once the mixture is made, it is placed in a hermatocytometer and
only living cells are counted. The hermatocytometer is a specially designed
microscope slide that allows one to count and average the number of cells in eight
designated areas on the slide. To determine the concentration of the cell suspension,
one multiplies the average cell number found using the hermatocytometer by IO~ and
then by the dilution factor of the trypan mixture. which in this case is 10. In the end. a
value in the form of cells/ml is found for the cell suspension. This value can be used to
seed experiments at desired cell densities. Figure 6 provides a list of established
seeding densities.
1.+
Growth Seeding Density for 6-Well Seeding Density for 96-Well
Period Plate (2 ml per well) Plate (400 IJI per well)
2 days 1.25x104 cells/ml
3 days 5x104 cells/ml 7x103 cells/ml
4 days 3x104 cells/ml 5x103 cells/ml
5 days 1.3x104 cells/ml
Figure 6: Seeding Density for CCL185 and CCL149 Cell Lines
2.2 Oscillating Air-Liquid Inte,jace
This experiment involves the oscillation of an air-liquid interface (bubble) directly over
an epithelial cell monolayer. The experiment is performed to simulate the conditions
that occur during the opening and closing of fluid filled lung regions. The movement
of this interface will apply mechanical and hydrodynamic stresses to the cells. The
goal of this experiment is to investigate how the movement of this interface affects
cells and if this interfacial movement results in cellular injury. As a result. these
experiments will further our understanding of how low tidal volume ventilation
processes result in injury to the lung epithelial cells.
To start this experiment. CCL185 and CCL149 epithelial cells are seeded a few days
prior to the experiment in 96-well plates. This is accomplished by harvesting a
confluent flask of cells and obtaining a cell suspension. Then. serial dilutions of the
cell suspension are done to formulate a solution containing 5x IO~ cells/ml. Next.
400 ILl of the solution is added to each well. The cells take around three to four days to
grow on the 0.32 cm 2 circular area and are fed midway through that growth period.
The media is changed by pipetting the old media off and adding fresh mcdia. This is
done carefully to ayoid scratching the monolayer from the base of the well. The
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96-well plate is convenient because the experiments can be performed directly in the
wells.
The mechanical system shown in Figure 7 is used to produce the oscillating air-liquid
interface in the wells of the 96-well plate. The system is composed of a syringe, a
needle, a linear actuator, and a platform. This system is used to cycle air in and out of
a well containing 1X PBS and a confluent cell monolayer. The cycling of air within
the well creates an oscillating air-liquid interface that interacts with the epithelial cells.
'"
This process is illustrated in Figure 8.
Figure 7: Syringe Pump
16
ISyringe Pump I
Figure 8: Oscillating Air-Liquid Interface Experimental Set-up
The platform of this system is designed to hold the actuator and syringe in a stationary
position. It is composed of a base plate made from high-density polyethylene (HOPE).
a syringe holder made from nylon. and an actuator holder made from aluminum. The
platform is fastened together using 1,4"-20 and 10-32 screws. The distance between the
actuator holder and the syringe holder is 18.5 cm. which provides the optimal
movement for the linear actuator and syringe plunger. This is important to prevent the
syringe plunger from bottoming out during oscillations.
The syringe holder is designed to hold Hamilton 1700 Series Gastight syringes. The
., '-..... .... .. ....
1700 Series syringe choices are 10 ~tl. 25 ~d. 50 !d. 100 ~tI. 250 ~1J. and 500 ~d. All of
these syri nges have a barrel diameter of 7.7~7 mm with the exception of the 10 !d
syringe. which has a barrel diameter of 6.60~ ml11. The syringes fit tightly 111 the
syringc holder's groovc and arc damped into place with wing nuts. When in place. all
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of the syringe tips, excluding the 10 Ill, which is a centimeter shorter, sit at a height of
57.5 mm above the surface of the base plate. The height of the syringe determines the
length of needle required because the needle must be able to reach a well plate sitting at
the base of the system.
A 90" bent needle, pointing down towards the base of the system, is the means of
transport for air from the syringe to the 96-well plate. Originally, we were interested in
purchasing custom bent needles from Popper & Sons, but the cost was too expensive.
Thus, we decided a more cost-effective approach was to purchase straight needles from
Hamilton and bend them manually. These blunt tip needles are approximately
76.2 mm in length and were purchased in the following three sizes: 21 g (0.51 mm
1.0.),25 g (0.26 mm 1.0.), and 28 g (0.18 mm 1.0.). Using measurements obtained
with a ruler and the known geometries of the system, the length at which the needles
should be bent was determined. Once the length was determined the needles were
simply bent over the edge of a countertop to approximately 90". The needles were
bent, so that the tip was in the range of 0.5-1 mm of the cell layer. The needle is a
smaiL but essential component to this system because the air-liquid interface will form
on its tip and be cradled during oscillation.
The Zaber NAII-B60 linear actuator is thc hcart of this systcm. It is responsible for
controlling the syringc plungcr's motion. The actuator has a control box with a RS-232
connection for automated control and a potentiometer for manual control. The RS-232
scrial port connection allo\\'s for the use of LahYic\\' 7, \\'hich pro\'ides the precise
\g
control needed to move the syringe plunger. The actuator's mechanical drive system
consists of a stepper motor with a precision ground leadscrew, capable of producing
80 N of thrust and has a stroke length of 60 mm. The actuator can be programmed for
speeds up to 20 mmJs and a resolution down to 0.05 f.1m. Unfortunately, there is a
sacrifice between speed and resolution of the actuator's movement. When you increase
the speed there is a decrease in the resolution and vice versa.
The speed of the actuator is a function of three parameters. These three parameters are
micro-step resolution ( l/full step), full-step resolution (f.1mJfull step), and step time
(f.1s). The full-step resolution is a fixed parameter and is equal to 6.35 f.1n1/full step.
Step time (command 42) and micro-step resolution (command 37) can be controlled by
the operator. The micro-step resolution has a variable range of 16-128 bit, and the step
time can be varied from 200-4300 f.1S. The actuator speed is governed by equation ( I ).
FilII Step Resolution( (, l'l
m1
)
( 11m) III stepSpeed = . I
s Micro Step ReSO!ution( I ) x Step Time( s) xfilii step 10
( I )
Unfortunately, the actuator's maximum speed and best resolution can not be obtained
simultaneously. As shown in the equation above, an increase in speed requires a
decrease in the micro-step resolution. A decrease in the micro-step resolution results in
a decrease of the resolution in the actuator's movement. For example, to obtain the
actuator's maximum speed of 20 mn1/s the micro-step resolution must be set to 16 bits
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and the step time to 200 I1s. At this setting, the actuator's movement has a resolution
of 0.4 11m. In this particular experiment, the step time is set to 200 I1S and the micro-
step resolution is set to 64 bits. In this case, the resolution of the actuator's movement
would be 0.1 11m and the speed would be 5 mm/s. Comparing these two cases, we can
see a four fold increase in the micro-step resolution (16 bits to 64 bits) resulting in a
four fold improvement of the actuator's movement (0.4 11m to 0.1 11m), but a four fold
decrease in the speed of the actuator (20 mm/s to 5 mm/s). Equation (2) governs the
resolution of the actuator's movement.
(
11/11 )Full Step Resolution Ifill step
Resolutio/l o{Movement( III/I ) =
. Micro Step ReSO!ution( ! )full step
(2)
The actuator and syringe plunger are mated together using a specially fabricated
connection piece. For every micrometer that the actuator travels. the syringe plunger
moves an equal distance. The displacement of the air inside the syringe. in an
oscillatory fashion. causes the oscillation of a bubble in the well. A Labview program
(actuator(bubbleLnosave_noinit.vi) was designed to control the movement of the
actuator during the oscillations. The program utilizes the absolute distance command
(command 20). which is recognized by the actuator as a distanced moved from the
home (zero) position. By default. the actuator's home position is fully retracted. hut
this can he changed. If the actuator receives an absolute distance command of 20 II m.
then it will move that distance from the home position. To succeed in sinusoidal
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oscillations of a bubble, it is necessary to derive an equation for the absolute distance
of the actuator as a function of time.
The equation that controls the actuator's position was developed by looking at the
bubble's motion. The bubble must oscillate in a sinusoidal fashion between a given
maximum and minimum radius, as shown in Figure 9. These factors helped derive
equation (3.1), which represents the radius of the bubble as a function of time.
Equation (3.2) corresponds to the bubble's volume as a function of time. This equation
was found by cubing equation (3.1) and then multiplying by four-thirds and 1'[. Finally,
equation (3.4), which governs the actuator's position as a function of time, was found
by dividing the volume of the bubble by the syringe plunger's cross-sectional area
using equations (3.3a) and (3.3b).
R1 Oscillatory
')
-
R2 + RJ
R( 1) =
R2
Figure 9: :\lotion of the Bubble
(R2 - RJ ) COS (CO t + e)
---+--------
')
-
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4 n R(t)3
V(t)=--3-
P(t)= V(t)
SyringeArea
IT SvringeDiameter 2SvringeArea =--"-------
. 4
16R(t)3
P( t) =
3 SyringeDiameter 2
(3.2)
(3.3a)
(3.3b)
(3.4)
Equation (3.4) governs the position of the actuator as a function of time. It is important
to note that the Labview program requires inputs in the form of millimeters from the
user, but it sends movements to the actuator in the form of micrometers. The program
requires the input of maximum bubble radius (mm), minimum bubble radius (mm),
inner diameter of the syringe (mm), and frequency of oscillation (Hz). Also, a phase
shift (radians) should be chosen depending on the starting point of the bubble and
inserted directly into the governing Labview equation. If the bubble starts at its
minimum radius, then 0 =iI, but if the bubble starts at its maximum radius. 0 =O. An
intcrnal clock is sct up in Labvicw to fccd time in seconds into the equation starting
from zcro scconds. A ncw positional output is calculated and sent to thc actuator cvcry
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100 ms. Based on the equation, the actuator performs sinusoidal oscillations ahout its
set home position.
When the cells in a 96-well plate reach confluency, the experiment can be performed.
Typically, five to six wells are seeded and can be used in one experiment. Control
experiments have shown that a 96-well plate can be left out of the incubator for
approximately forty-five minutes before the cells start to die. For this reason, seeding
more than five or six wells would be useless. The goal is for the quality and not the
quantity of the results.
In the experiment, one hopes to compare the amount of cell death resulting from the
changing parameters of the air-liquid interface. One approach is to look at the effect of
different physiological frequencies (0.10-0.5 Hz). Does a higher frequency damage
more cells as opposed to a lower frequency'? Another approach is to change the
duration of time the cells are subjected to the oscillating bubble. Do longer durations
damage more cells'? The last approach is to look at the amplitude of the bubble. The
question being. does a larger bubble damage more cells than a smaller bubble'?
As stated pre\"iously. the actual experiment should be conducted in a short time frame.
After taking the cells from the incubator they are rinsed once and IX PBS is added to
the wells. The next step is to set up the cells and the oscillation system under the
microscope (Olympus IX-7Q). After picking a well to start in. a good \"isual of the
cells must be acquired. The.fX objecti\"e is the best choice because it giyes the widest
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field of view, almost showing the entire well. Once a visual is confirmed, the needle of
the system is placed into the well. It is necessary to first center the needle in the field
of view. Then the well plate should be moved, without touching the needle, to center it
in the middle of the well. Centering the needle in the well, allows for a symmetrical
stress field to be applied to the cells during the oscillations.
Now, to start the oscillations, the actuator's potentiometer is used to move the syringe
plunger and grow the bubble to its minimum radius. The bubble's radius is measured
by taking snapshots and using a measurement tool available in the visualization
program (Spot Advanced). When the bubble reaches its minimum radius the program
can be started. To start the program, the parameters need to be entered. Once the
parameters are entered and the program is started, the first command of the program is
to set the current position of the actuator to zero (command 45). This creates a fixed
point for the oscillations to occur. The program will now run for a select duration of
time. This process is repeated for each well. keeping in mind that all the experiments
should be performed as quickly as possible. leaving time for live/dead staining.
The staining procedure allows for the differentiation of live and dead cells. The
li\'C/dead kit was purchased from Invitrogen containing ethidium homodimer and
calcein-am. Calcein-am is retained in living cells with active esterase enzymes and
tluoresces green. Ethidium homodimer enters dying cells through their ruptured
membranes. binds to their DNA. and tluoresces red. If cells take in both dyes and
tluoresce in a shade of yellow they are considered dead.
2.+
Both of these stains are diluted in serum free media to concentrations of I IlM to create
the staining solution. For example, 2 III of a 2 mM stock ethidium solution and I III of
a 4 mM stock calcein-am solution should be added to 4 ml of serum free media to
acquire the proper staining solution. At the end of an experiment, the IX PBS is taken
off of the cells and fresh PBS is added to rinse. Following the rinse, 400 III of the stain
solution is added to the wells and incubated for approximately ten to fifteen minutes in
darkness (outside incubator). Once the incubation period is finished, the cells are ready
for visualization.
To visualize the fluorescent dyes, the cells are viewed using the Olympus IX-70
inverted microscope. The scope has FITC (fluorescein isothiocyanate) and TRITC
(tetramethylrhodamine isothiocyanate) cubes. The live cells can be viewed using the
FITC cube, which emits blue light (475-490nm) and causes these cells to glow green.
The dead cells can be viewed with the TRITC cube. which emits green light (540-
565nm) and causes these cells to glow red. The microscope set-up has the ability to
take pictures using the Spot CCD camera and program. The camera program can take
a picture of live and dead cells in the same frame. Using this feature, the live and dead
images can be merged together to show the total cells in a given area. Figure 10
illustrates a live/dead staining of sub-confluent CCLl49 cells seeded in a 6-well plate
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at 3x 10 cells/ml and grown for one day.
Figure 10: LiveJDead Staining (lOX)
Cells are counted using a program called Metamorph. During an experiment, about
five to six random 20X merged images should be acquired from each well. Using the
manual count option in Metamorph, the number of live and the number of dead cells
can be counted in each picture of a given well. A dead percentage can be determined
for each of these pictures by dividing the number of dead cells by the total number
(live + dead) of cells. Then these percentages can be averaged together to formulate a
percentage of dead cells in the well. Using these numbers. we can asses how certain
oscillation conditions affect the cells.
2.3 Static Pressure
In this experiment a study of epithelial cells subjected to static pressure is performed.
During ventilation treatment, epithelial cells are subjected to pressure. Though the
physiological pressures that cells experience is more likely dynamic. it is important to
ohserve the simplest case of static pressure and how it may affect epithelial cells. The
first goal of this experimcnt is to obserw whethcr or not static pressure can damage
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INTENTIONAL SECOND EXPOSURE
Figme 10: Li\e/Dead Staining ( lOX)
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.l.3 Sri/ric Prcssurc
In this experiment a study oj epithelial celLs subjected to static pressure is performed.
During \entilation treatment. epithelial cells arc subjected to pressure. Though the
physiological pressures, that celLs experience is more likely dynamic, it is important to
obsene the simplest case of sLltic pressure and how it may affect epithelial cells. The
first goal of this experiment is to observe whether or not static pressure can damage
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epithelial cells. The second goal of the experiment is to determine the level of pressure
needed to harm the cells.
Both rat lung epithelial cells (CCL149) and human lung epithelial cells (CCL185) are
used in this experiment. The cells are grown to confluency in 96-well plates using the
same seeding densities and growth periods explained in the previous section (2.2).
Also. they are cared for in the exact same manor. This experiment is performed
directly in the 96-well plates.
When the cells are confluent. they are rinsed with IX PBS and fresh media is added.
Next. SUN SRI Webseal re-sealable mats are used to seal the wells. so they can be
pressurized. Essentially, the wells become pressure chambers. When capping a well
off, it is important that the well is bled of air. To accomplish this. a needle is inserted
into the Websealmat during the capping process. This allows air to escape as the seal
is pressed into place. The air bleeding process is illustrated in Figure 11. When the
cap is in place. the needle is removed and the system should he free of air.
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Needle
Figure II: Side View of the Air Bleeding Process
A Harvard Apparatus PHD2000 syringe pump is used to pressurize the wells in the
experiments. After the wells are sealed. a fluid-filled needle from the syringe pump is
injected into the wells and used to inject fluid at a slow rate. The insertion of
additional fluid into the sealed wells causes the pressure to rise. Once the desired
pressure is reached in the well. the needle is removed and the process is started in
another well.
The pressure in the wells is observed using a Validyne DP I03 pressure transducer.
which is set up to read pressure in the range of ±22 cmH 20. The transducer is placed
inline with the injection needle using a 3-way \'alve that connects to a syringe. When
the diaphragm inside the transducer is deflected. a millivolt signal is produced. The
,
signal is sent to a Validyne CD280 carrier demodulator. which amplifies the signal and
conditions it to bc read by a data acquisition board. In particular. wc uscd a
Mcasurcmcnt Computing LTSB-1208FS data acquisition board. which is compatible
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Fi.t:LJI"l' II: Side \il'" of the .\il· Bleeding Prol'l'ss
inline \\ith the Injecti(ln needle lI',in~ ~l .)-way \ahe that connects t(l a syrin~e. 'vVhen
the diaphra~m inside the transducer is delkcted. a milli\olt si~nal is produced. The
si~nal is sent to a Validyne CD2XO carrier demodulator. which amplifies the si~nal and
Ct1l1ditiuns it tu be read by a data acquisition board. In particular. we used a
Measurement Computin~ USB-120XFS data acquisition huard. which is cumpatiblc
with Labview. For this reason, a Labview program (DAQ(pressure).vi) was developed
and calibrated to read pressure in the form of Pascal's and centimeters of water.
The pressure set-up shown in Figure 12 is calibrated using a U-tube manometer. To
start the calibration, the pressure transducer and manometer tube are set up inline with
the syringe pump. The Labview program is started and reads only volts to the user.
With the system free of pressure, the zero adjustment on the carrier demodulator must
be used to zero the voltage in the Labview program. Once the system is zeroed, the
syringe pump is infused and pressure is increased to the maximum capacity of the
pressure transducer (+22 cmH,:!O). At maximum pressure, the span adjustment on the
carrier demodulator is adjusted to read the maximum voltage (+10 volts) on the
Labview program. Now that the system has been adjusted it is necessary to define a
relationship between voltage and pressure. While using the syringe pump to adjust the
pressure from +22 cmH 20 to -22 cmH 20. the user should watch the manometer tube and
Labview program to record a pressure and voltage relationship. The pressures and
voltages can be entered into an Excel spreadsheet to develop an equation of voltage to
pressure. This equation is entered directly into Labview and allows the program to
convert voltage readings to pressures that are useful for the user.
29
Figure 12: Static Pressure Experimental Set-up
During an experiment, several wells are subjected to pressures up to 22 cmH 20 and
one well is designated the control. The control well is sealed, but experiences no
pressure and supplies a baseline to compare the other wells. Once the wells are
pressurized. they arc returned to the incubator for a set duration of time. After the time
has passed. the damage to the cells is assessed using the live/dead staining and
quantification protocol explained in the previous section.
2.4 Propagating Air-Liquid lntelface (Single Pass)
This experiment supplies another way to observe the problems that occur during low
tidal ventilation. A single pass of a bubble over a monolayer of epithelial cells is used
to represent a single cycle of the reopening process. which occurs during low tidal
volume ventilation. This process is depicted in Figure 13. A parallel flow chamber.
coupled with a syringe pump. provides the means for propagating the interface. Once
again. the goal is to study the cell damage that occurs from this process.
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Figun' 12: Static I'n'sslIIT Expcrimclltal Set-liP
During an e'\perimcllt, s('\cr,t1 \\l'lls ,lrl' suhjcClL'Li II) prl'ssures up t\1 22 l'Illl-!~O ,1l1d
unc \\ell is Licsignclled thl' l'<llllnl/ Thl' cuntml \\ell is sl'aled. hut e'\pcriences n\1
J..-+ I'm!Jilglllillg .\ir-I.iijllid jllier/II('(' (Sill.!;!e !'IISS)
This e:\periment supplies cllwther \\ay tu uhsene the pmhlems lhat uecm during luw
tidal yentilation. A single pass ur a huhhk mer cl munulayer or epithelial cells is used
to represent a single cyde or the re\1pening pmcess. which uccms dming Ilm tidal
yolumc ycntibtion. This proccss is depicted in Figm'e 13. A parallel now chamber.
coupled with a syringe pLlmp. proyidcs the means I'm propagating the interrace. Once
again, the goal is to study the cell damage that occurs rrom this process.
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Figure 13: Schematic of the Bubble Propagation
CCLJ49 cells are used for this study. The cells are grown on round coverslips 30 mm
in diameter. Several concentrations can be used for this experiment drjJending on the
number of days the cells are given to grow confluent. This flexibility makes it possible
to plan more than one experiment for a given week. Cells can be seeded at
concentrations of 1.3x 10~ cells/ml for five days. 3x 10~ cells/ml for four days. and
5x IO~ cells/ml for three days. When a seeding density is selected. a cell harvest IS
performed and a solution of the chosen concentration is made. From this solution.
2 ml are added to each well of a 6-well plate containing the coverslips. If the cells are
fed every two to three days. they will rcach confluence in thc amount of time stated
abovc.
The parallel flow chambcr for this expcrimcnt was made by performing modifications
to a Hemogenix POCmini perfusion chamber. The chambcr was designcd for use with
30 mm co\'erslips. which sit in the base of thc chamber. A silicon gasket. cut with the
dcsired flow pattern. sits o\,er top of thc co\'erslip. The gasket was purchased form
McMaster-Carr and was cut using a Calypso water jet. The rectangular channel cut
into the gasket was shapcd to ha\'c 10 111m width and a 25 mm Icngth. Thc spccific
gaskct uscd in this cxpcrimcnt has a thickncss of 0.508 mm. which makcs thc channcl
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Figure 13: Schematic of the Buhhle Propagation
CCL 1-+9 l'ells arc used I'm thIs study, The cells arc gnmn on round l'l1\erslip~ 30 mm
In diameter. Se\eral l'oncentratilln~ can he used rllr thi~ e\periment depending lln the
numhel l)r day~ the cell~ are gi\L'n tll gnl\\ L'onl"iLll'nt. Thi~ Ik\ihility makes it p{)~sihlc
tt' I'Llil lill)I\:' th,lIll lllL' L'\perimL'nt rlll ,I gl\l'n \\ L'ek, Cells l'an he ~l'eded at
l'l)nL'elllr,lli{llb llr ,,'\ 10' cL'lIs/1ll1 Illr ,'i\L' d,I\~, ,h IOl L'L'II~/ml rllr rour da\~. ,lIld
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The parallel rIm\ chamher rllr this experiment \\a~ nlalk hy perrmming Illodirications
to ,I Henlllgeni" POCmini perrusilln chamber. The chamher \\as designed fm usc with
30 n1l11 cmerslips. \\hich sit in the base or the chamher. A siliclln gasket. cut with the
desired flow pallern. sits over top of the co\'Crslip, The gasket \\as purchased form
:VIcMaster-Carr and was cut using a Calypso water jet. The rectangular channel cut
into the gasket was shaped to have 10 mm width and a 25 mm length. The specific
gasket used in this experiment has a thickness of 0.508 lllm. which makes the channel
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height of the system equal to this number. The next pIece of the chamber is an
aluminum piece with inlet and outlet ports, which sits on top of the silicon gasket to
allow for fluid flow. To complete the chamber, a series of gaskets along with two
20 mm coverslips are put in place and fastened down by a threaded top plate. The
assembled chamber and flow channel can be seen in Figure 14.
Assembled Chamber
Flow Channel
Width = 10 rnrn
Length =25 rnrn
lIeight = 500 urn
Inlet/Outlet Ports
Figure lot: Flow Chamber
The Harvard Apparatus PHD2000 syringe pump and a Hamilton Gastight syringe
provide the driving force to generate flows in the chamber. C-Flex clear tubing with
1/32" inner diameter forms the connection between the syringe and chamber. The
pump can be set to specific flow rates (mllmin) to produce a desired bubble velocity in
the chamber. Since the flow rate in the system is conserved. the syringe pump flow
rate is simply cqual to the cross-sectional area of thc chamber (- .5 mm2) multiplied by
thc dcsired bubbles velocity (I11m/s). A cOI1\"Cfsion factor of 61100 is necessary to
COI1\'crt 1111n'/s to mllmin. For this expcrimcnt. the flow rate for the pUl11p was varied
between 0.09342 ml/min and 9.342 mllmin to produce bubble speeds of 0.3 mrn/s and
30 mrn/s, respectively.
To perform the experiment, a seeded 6-well plate with confluent monolayers growing
on coverslips, is removed from the incubator. A single coverslip is rinsed with
IX PBS, extracted from the well plate, and placed into the chamber. After the
coverslip is in the chamber, the 6-well plate should be returned to the incubator
immediately. Now, the pieces of the chamber are put into place and the chamber is
sealed. Using the syringe pump and a 5 ml syringe, the chamber is filled with IX PBS
containing MgSO.. and CaCI 2 at a velocity of 3 mmls (flow rate = 0.9342 ml/min). A
control experiment performed at this velocity proved to have no detrimental effects on
the cells prior to the bubbk propagation. Once the chamber is filled. the flow is
reversed and a bubble is propagated across the cell monolayer at a chosen velocity.
This procedure is conducted at 23<C.
Another interest is to observe the bubble propagation at different temperatures.
Specifically. a lower temperature of ·rc and a higher temperature of 37'C in relation to
the baseline experiment of 23'C. A few additional steps are needed to approach these
experiments. For these experiments. we are interested in developing a temperature
stage. This temperature stage will utilizes a hlock of aluminum. which is machined
with internal flow channels and shaped to accommodate the parallel flow chamher.
The internal channels of the aluminulll hlock allow for temperature regulated water.
from a water hath. to maintain the temperature of the flow chamber. HoweY(~r. since
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the temperature stage is only in its beginning stages, we use a simple protocol to obtain
some preliminary results.
During a 37'C experiment, the incubator is used to warm the chamber. Once the
chamber is assembled with a confluent coverslip, the IX PBS (MgSO.j and CaCI2) is
injected into the chamber. However, we do not immediately propagate the bubble as in
the 23'C experiment. At this time, the chamber is placed in the incubator for a half-
hour period. This half-hour allows the chamber and cells to warm up to the desired
temperature. After the half-hour period has passed, the chamber is taken out and the
bubble is immediately propagated. At 4'C, the refrigerator is used to cool the chamber
for a half-hour period and then the bubble is propagated.
In order to examine the cells for damage during these experiments a live/dead stain
must be used. The use of the calcein-am and ethidium is explained in previous sections
(I [1M concentration of each). The minor difference in this protocol is the dilution of
the stains in IX PBS and not serum free media. Typically, for six runs (6-well plate) of
the experiments a 4 ml solution of stain must be made. The staining procedure in this
particular experiment is performed directly in the chamber following the bubble
propagation. Using a separate 5 ml syringe. the stain is injected directly into the
chamber at .3 mm/s and is incubated for fi\'e minutes in darkness (outside incubator).
Once the incubation is finished. the cells are obser\'ed using the Olympus lX-70
microscope and Spot ceo camera. which is mentioned in prc\'ious sections. The
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microscope has FITC and TRITC cubes, which help visualize live stain (calcein-am)
and dead stain (ethidium), respectively. In this particular experiment, the visualization
is performed with the cells remaining in the chamber. The experimenter is to gather
approximately seven to eight random lOX merged pictures of the cells. Once again,
these pictures will be counted in Metamorph and used to formulate an average
percentage of dead cells during a trial. These percentages will be used to measure the
level of damage that occurs to cells under specific propagation parameters.
During the incubation period, the syringe plunger. syringe barrel and the plastic I-way
valve used to propagate the bubble. should be cleaned using mild soap and water. The
used tubing should be thrown away. After the syringe has been washed it should be
dried using forced air from an air-valve in the laboratory and reassembled with fresh
tubing. After the visualization of the stain. the chamber must be taken apart. The
coverslips should be thrown away and the remaining pieces of the chamber should be
cleaned thoroughly with 70% alcohol using Kimwipes. It is important to clean and dry
the chamber components fully. Once the cleaning procedures for the syringe and
chamber are finished. a new experiment can be run.
2.5 Propagating Air-Liquid Intc/fare (Multiplc Pass)
This experiment invoh'es performing the protocol mentioned in the previous section
(2.';) with a significant modification. The propagation of the air-liquid interface
pW\'ides a look at the injury that occurs during low tidal volume \Tntilation. However.
the previous experiment only involved a single passing of the bubble. In actuality.
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during ventilation treatment this interface is propagated repetitively. This particular
experiment allows for the study of multiple bubble propagations. Will multiple bubble
passes affect cells more than a single bubble pass? If so, can a relationship between the
level of cellular damage and the number of bubble passes be determined?
This experimental protocol is an exact replica of the single pass experiment up until the
bubble propagation step. The same Harvard Apparatus PHD2000 syringe pump and
Hamilton Gastight syringes used to perform the single pass experiment are used for the
multiple pass experiment. The chamber is also assembled with the coverslips and
filled with IX PBS (MgS04 and CaCh) in the same manor used in the previous
experiment. However. propagating the bubble more than one time requires the
automated control of Labview. Labview is necessary to infuse and retract the syringe.
which controls the back and forth movement of the bubble in the chamber.
The syringe pump is capable of automated control through its RS-232 serial
connection. and the PHD2000 pump drivers can be downloaded from the National
Instruments website (www.ni.com).Itis important to note that the baud rate. data bits.
parity. and stop bits of the serial port should be in unison with the settings of the
syringe pump. For this particular experiment. the baud rate is 9600. the data bits are
set to 8. there is no parity. and the stop bits are set to 2. If the settings between the
communication port and the syringe pump are not the same the pump will not function
properly.
The syringe pump is governed by flow rate commands of ml/min. In order to control
the movement of the pump and successfully perform multiple bubble propagations, an
equation of flow rate as a function of time must be developed. To develop this
equation, the movement of the bubble should be considered. The bubble sways back
and forth through the chamber in a simple sinusoidal fashion. This motion is
represented by equation (4.1). The velocity of the bubble can be determined by taking
the derivative of equation (4.1) to acquire equation (4.2). The angular frequency,
omega, is simply the maximum bubble velocity divided by the bubble amplitude as
shown in equation (4.3). Finally, the fact that flow rate must be conserved between the
syringe pump and the chamber, allows one to solve for equation (4.4), which is the
flow rate as a function of time. The conversion factor of 6/1 00 in equation (4.4) is used
to convert mm'/s to ml/min. which is required by the syringe pump.
BubblePosition ( t ) = BlIbblcAlIlplitude x sin( (t) t + e)
BubbIcVelocit)( t) =BubblcAlI/plitude x (I) .r cos( (t) t + e)
MaxBubble Velocity
(1)= .
BuhhleAl11plitude
6.r BubhlcVelocity t).r Chomhcr"\rco
Flo\\"R3teSYrin~« t) = .
. ~ 100
r. /
(4.1 )
(4.2)
(4.3)
(4.4 )
The designed Labview program (newbubbleoscillation(harvard).vi) utilizes an internal
clock that feeds time into equation (4.4) to manage the syringe pump's movement.
This program supplies the syringe pump with a new flow rate command every 250 ms
allowing for the precise control of the air-liquid interface's oscillation in the chamber.
The program parameters include amplitude of bubble movement (mm), maximum
velocity of the bubble (mmls) and the cross-sectional area of the chamber (mm\ A
phase shift also needs to be chosen depending on the starting position of the air-liquid
interface and entered into the governing Labview equation. For example, if the
system's first move is to fill the chamber with fluid, then 8 = re, however if the system's
first move is to propagate the bubble, 8 =O.
After the experiment is conducted for a select duration of time or a select numher of
passes, the cells can be assayed using the same staining technique discussed in the
single passing experiment. The live/dead staining solution of calcein-am and ethidium
is injected into the chamber and incuhated for approximately five minutes. The
visualization is performed with cells remaining in the chamber. Using random 20X
pictures. dead percentages are acquired for each trial and arc used for measuring the
level of cellular damage.
2.6 Collagen Coating Procedure
This procedure can he used to coat thc 30 mm co\'Crslips uscd in the l11ulti-pass and
single pass huhhle propagation cxperimcnts. with a thin laycr of collagcn. The
collagcn allows for a 1110re natural cell allachment as opposed to plain glass. There are
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many types and levels of collagen that can be commercially purchased. For this
procedure, Becton Dickinson rat tail collagen type I is used. It was selected based
upon research literature supporting its effecti veness when used with rat epithelial
cells. 25
The coverslips are coated with a thin layer of rat tail type I collagen prior to the
seeding. To obtain the thin coating, the collagen is used at a concentration of
5 !-lg per cm2. This concentration is obtained by diluting the 5.90 mg/ml stock solution
of rat tail collagen, with 0.02 N acetic acid in IX PBS. The acetic acid is necessary
because the collagen is not soluble at neutral pH levels. The collagen is diluted to a
concentration of 25 !-lg/ml and 2 ml of the solution is used to coat a single coverslip.
The coating process is done in 6-well plates. Coverslips are incubated in the 2 ml of
solution for one hour and are rinsed thoroughly afterwards with 1X PBS. After the
rinsing process. the coverslips can be used immediately for seeding, or dried and stored
for up to one week at 4'C.
2.7 Thrcc-Stain Procedurc
In an effort to refine the staining technique used in the multiple and single pass hubble
propagation experiment. a new procedure is being de\·eloped. Originally. the li\'C/dead
stain differentiated only the li\'ing and the dead cells after a propagation experiment.
However. this approach does not allow for the differentiation of repaired cells, Using
the current staining techniquc. dcad cclls arc staincd whcn a rupturc is prcsent in their
membrancs. The rupturc in the cell< membrane allows for thc dcad stain (ethidium) to
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enter and bind to the cells' DNA, causing the red fluorescents. The dilemma with this
method is that cells can repair themselves and seal their membranes leaving the dead
stain trapped inside. This is sometimes apparent when cells are observed fluorescing in
a yellow shade. Normally, these cells are considered dead or dying, but they could
very well be repaired. This new staining protocol should take the guess work out
differentiating live, dead, and repaired cells.
The new staining protocol involves the use of three stains. To label the repaired cells,
Sigma FITC dextran is used. This stain is naturally fluorescent and has a tendency to
over fluoresce if not rinsed properly. Dextran, like ethidium, enters ruptured cell
membranes, but does not bind to anything in particular. If a cell reseals (repaired), the
dextran is trapped, but if the cell does not reseal (dead) the dextran can leak out.
Repaired cells are viewed using the FITC cube of the Olympus IX-70 and fluoresce
green. For this reason. a new stain must be used to replace the original live stain
(calcein-am). which also fluoresces green. to prevent confusion between the live and
repaired stains. The new live stain is simply a different complex of calcein known as
calcein blue-am. which fluoresces blue when excited by Ultra-violet light (320-
400nm). The calcein blue-am was purchased separately from Molecular Probes. This
stain functions in the exact same manor as the calcein-am. with the exception that it
emits blue light. The ethidium stain remains the dead stain for this protocol.
The three stain protocol is primarily designed for usc with the single and multiple pass
bubble propagation experiments. The me of this stain protocol requires a different
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approach to these two experiments. After assembling the chamber with a coverslip of
confluent cells, the chamber is filled with a IX PBS (MgS04 and CaCI 2) solution
containing 5 mg/ml of FITC dextran and incubated at 37'C for ten minutes. Following
the incubation period, the bubble is propagated. Once the bubble is finished
propagating (single or multiple) the chamber should be disassembled. After the
chamber is disassembled, an intense rinsing process is preformed outside of the
chamber to wash away the leftover dextran that is not consumed by the repaired cells.
This step will prevent auto fluorescents. To do this, the coverslip should be placed into
a clean well of a 6-well plate and rinsed approximately three times in succession in the
same well with 2. 011 of regular IX PBS. Now the coverslip can be removed and put
into a new well to stain for living and dead cells.
The live/dead solution of calcein blue-am and ethidium are mixed together in a
IX PBS solution. The ethidium. as before. is used in I ~M concentration. For
example. 4 011 of PBS requires the addition of 2. ~iI of a 2. mM stock ethidium solution.
However. calcein blue-am has the tendency to fluoresce lighter than calcein-am. For
this reason. the calcein blue-am is used at a greater concentration than regular
calcein-am. For instance. 4 011 of PBS requires an addition of approximately 6-8 Iii of
a 4 mt\1 stock calcein blue solution. meaning concentrations in range of 6-8 11~1. Once
prepared. 2. ml of this solution can be added to the coverslip and incubated for another
ten to fifteen minutes. When this incubation is finished. the cowrslip should be rinsed
and mowd to a fresh well with IX PBS for visualization.
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The stains can be visualized using the Olympus IX-70 microscope and Spot CCO
camera. Repaired cells can be viewed using the FITC cube. dead cells using the
TRITC cube, and live cells using the UV cube. Repaired, dead, and live pictures can
be taken of a single area and merged together using the Spot camera and program.
These pictures make it possible to view all of the cells in a given area. By using
random 20X pictures, not only can dead percentages be calculated as before, but now
the capability of quantifying the repaired percentages is also possible. This technique
will allow for more accurate assays of cells subjected to the bubble propagation.
3. Results
3.1 Cell Growth ill 96- Well Plates
Figure 15 shows 4X stained pictures of cell growth (CCl 185 and CCl 149) in 96-well
plates. These figures illustrate that CCLl85 and CCLl49 cells grow poorly in the
96-well plates. These cells should spread evenly and grow to conlluency. leaving no
empty spaces. However. in 96-well plates these cells have a tendency to grow
overconlluent in patches. leaving empty spaces in the well.
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Cell Stacking
Figure 15: Cell Growth in 96-Well Plates (4X)
(Left =CCLl85, Right =CCLl49)
In most cases the cells tend to grow near the edges first. This leaves the center of the
wells empty. By the time cells in the middle of the wells become confluent, the cells
on the edges are over confluent. The over con fluency causes cells in these areas to
grow on top of one another deviating from their natural growing pattern as monolayers.
CCLl49 rat cells appear to grow slightly better than CCLl85 human cells in 96-well
plates because they spread more efficiently. leaving fewer gaps.
3.2 Oscillating Air-Liquid Intclface
To proceed with the experiment. we must first prove the system is capablc of
performing bubble oscillations. The plots in Figure 16 show the actuator's ability to
control the syringe plunger's movcmcnt for various frcqucncics and amplitudcs. Thc
"Thcorctical" valucs show thc mo\'Cmcnt that thc actuator should makc according to
thc govcrning cquation programmcd in Latn'icw. Thc "Actual" valucs show thc
movemcnts of thc actuator. mcasurcd with thc Olympus IX-70 microscopc and
Cell Stacking
FigulT IS: Cell Gnmth illlJ6-"ell Plates 1-1:\1
I Left = CCLlSS, Right = CCLl-l91
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Til pWl'eed \\ith the c.\periment. \\e must rirst pr()\l' the systcm is capahle or
performing huhhle oscillation". The plOh in Figun> 16 shm\ the actuator's ~lhilit~ III
l'ontwlthe syringc plunger'" mo\cment for \arious rrequencic" and ~lI11plitudes. The
"Theoretical" \alues she)\\ the m()\ement that the actuatl1r should maKe al'cording to
the gowrning equation programmed in LtlwiC\\. The "Actual" \alues shm\ the
mmemenh of the actuator. measured with the Olympu" IX-70 micw"ulpe and
Metamorph software. The "Actual" and 'Theoretical" values are nearly equivalent for
all graphs (R2 = 0.999).
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Figure 16: Actuator i\lon01cnl" at Different Frequencies
The second step is to verify that a bubble can be formed in a 96-well plate containing
1X PBS. Figure 17 displays a bubble formed using the actuator's potentiometer. This
picture of a static bubble. approximately 0.7 mm in diameter inside a 96-well plate,
was taken at 4X magnification using the Olympus IX-70 microscope and Spot CCD
camera. A 25 g (0.26 mm J.D.) Hamilton blunt needle was used to grow the bubble in
Figure 17. Using a 25 g Hamilton blunt needle a bubble can be grown up to 1.5 mm in
diameter before falling off the needle tip. A 2R g (0.1 Rmm J.D.) Hamilton blunt
needle allows for bubble growth up to 1.2 mm. If a huhhle is left static for a few
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minutes, it usually remains in place at the end of the syringe tip, but it does have the
tendency to grow by several micrometers as shown below in the two examples of
Figure 18.
Figure 17: Static Bubble (4X)
Static Bubble Growth
(In~ial Diameter =0.68047 mm)
Static Bubble Growth
(In~ial Diameter =0.70414 mm)
1510
07 !.......-----------
EO 78 .
~O 76 .
.,
~ 074 .
..
0072 .-
08
1510
066 -----------
o
078 c-, --
E 076 :--------
!. 0 74 r-~----~-------
~ 0 72 :-------C; ;
E 07 ,-
.~ .
o 068 '------ -.- ..----- -
Time Imin)
Figure 18: Static Bubble Growth
Thc final goal is to accomplish huhhle oscillations. Figure 19 shows onc cyclc of a
huhhle oscillatcd at a 1 4 Hz. from 0.65-1 mm in diamcter. using a 25 g necdlc. Figure
20 compares thc actualmoycl1lcnts and thcorcticalmoycl1lcnts of huhhles oscillated at
two different frcqucncics. The "Actual" plot at a 1 4 Hz has an R~ yalue equal to 0.996.
IINTENTIONAl..seCOND EXPOSURE
minutes. it usually remains in place at the end Df the syringe tip. but it does haw the
tel1llL'ncy tl) grcm by se\eral micmmetcrs as sh()\vn helow in the IWD examples of
Figure 18.
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Figure IS: Static Bubble Growth
The final goal is 10 accomplish bubble oscillations. FigUl-e 19 shows one cycle of a
bubble oscillated at a Hz. from 0.65-1 mm in diameter. using a 25 g needle.
20 compares the actual movements and theoretical movements of bubbles oscill~i1:ed
t\VO different frequencies. The ""Actual" plot at a II.; Hz has an R 2
while the "Actual" plot at a V2 Hz has an R2 value equal to 0.997. Theoretical values
are found using the equation programmed in Labview. Actual values are based on
measurements made using the Olympus IX-70 and Spot Advanced visualization
software. Using this software, a sequence of images can be taken of a bubble
oscillation. Each image in the sequence has a known time stamp. This information can
be used to plot out the actual movements of a bubble.
Figure 19: Actual Bubble Oscillation (.tX)
Bubble Oscillations (0.25 Hz) Bubble Oscillation (0.5 Hz)
--- Actual • Th00retlcal
,,
E , ..'£\'···A.-'·....~.. ~.i 09 • - --. ._-..-.. -- !'-... --- 11. -. . ..!\.
.~ ~ ~ \J .--.~-_-J-_.
o
06 .
o 6 8 10 12 14 16
Time (sec)
-.- Actua.1 - Theoretical
,,
!o~ lV···~ ··V·•. ---."±J-.--.-..
~ 08 L ----- ----- -- ....
.~ 0 1"' ._-- -- - --" . - - -
o
06 .
o
Time (sec)
Figure 20: Buhhle O~cillation~at 1 4 Hz and 1 2Hz
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\\'hile the "Actual" plot at a 1 2 Hz has an R.:' \alue equal to 0.997. Theoretical \~t1ues
are found using the equation programmed inLabview. Actual values are based on
measurements made using the Olympus IX-70 and Spot Advanced visualization
sonware. l'sing this sof!\\are. a sequence of images Gin be iaken or a bubble
oscillation. Each image in the sequence has a known time stamp. This inrormation can
be u"ed to plot out the actual nHlvemenh or a buhble.
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Unfortunately, the consistency of this system is lacking and bubble oscillations are
unpredictable. While the bubble works flawlessly on some runs, it is flawed on other
runs. Even a successful bubble run will only last approximately ten minutes before
problems arise and the oscillation must be termInated. Two of the major flaws that
have been observed are the growth and shrinkage of bubbles during their oscillation
cycles. Bubbles that grow during oscillations eventually fall off of the needle tip.
Bubbles that shrink during oscillations eventually retract backwards into the needle.
On occasion, the bubble ceases its movements during oscillations. In this case, the
actuator continues cycling, but the bubble remains at a constant diameter. All of these
problems disrupt the system' s ability to perform desired oscillations.
It has become apparent through repetitive use of this system that certain oscillation
parameters increase the chances for a succcssful bubble oscillation. For instancc. thc
systcm performs bcst at a frcqucncy of 11.1 Hz and when thc sprcad between minimum
and maximum bubblc radius is in the rangc of 0.3 111m. Using thcsc specificd
parametcrs. succcssful bubblc oscillations havc bccn achicvcd.
Expcrimcnts havc bccn conductcd using thc succcssful bubblc oscillations providcd by
thc systcm. In gcncraL thcsc cxpcrimcnts havc not produccd any clcar rcsults
rcgarding ccllular injury. Figure 21 illustrates the typc of results the bubblc oscillation
expcriment has produced lIsing the CCLl85 cell line. Unfortunately. the control wells
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have a considerable amount of dead cells and this makes the quantification of cell death
complicated. Up to this point, it appears that the results are inconclusive.
Control 0.1 Hz
0.25 Hz 0.5Hz
Figure 21: Bubble Oscillation Results (20X)
3.3 Static Pressure
The figures below represent the results of the static pressure experiment. Figure 22
shows lOX pictures of a portion of calcein/ethidium stained wells containing CCll85
human epithelial lung cells. Figure 23 shows lOX pictures of a portion of
calcein/ethidium stained wells containing CCl 149 rat epithelial lung cells. The
relationship hetween pressure and cell death is unclear for the CCL185 cell line. The
CCl 185 cell line has a noticeahle amount of cell death at 5 cmH~O and
I0 cI11H~O when compared to its corresponding control well. HowC\·er. a lesser
amount of cell death is obser\'ed at the higher pressures. Static pressure appears to
ha\'e no significant effects on the CCL149 cell line. Strangely. the CCL149 cell line
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han: a Cl1J1"iderablc amllUI1l (11' dead cL'II" and thi" maKe" the Ljuantirication or cell death
complicated. l 'p [(1 this p()int. it appear" that the re"ult'. arc inconclu"i\e.
Control 0.1 Hz
0.25 Hz 0.5Hz
Fi~ul"l' 21: Buhhle Oscillation Results 120:\)
3.3 S/u/i( !'rC\\/IU'
"hcm, IOX picturcs ()r a pmlion or calcein/elhidium "tained well" containing eel I1-15
human epithcli,d lung ccl '" FigUl'e 23 "how" lOX pictures Ot"<l portion or
calccin/cthidium stained \\el!'. Cl1l1taining eeLl-1-L) rat epithelial lung cel'" The
rclation"hip bct\\cen pre""ure and cell death i" unclear I'm the eeLl85 cell line. The
CCl 185 cell line ha" a noticeable amount or cell dealh at :) cmH"O and
10 emH"O \\hcn com[xlred lo it'. cOITe"ponding control \\cll. I-hmC\er. a lc""er
amount of cell death i" ob"cncd at the higher pre""ure". Static pre""ure appear" to
han: no "ignificant crfect'. on the CeLl-1-L) cell line. Strangely. the CCLI-1-L) cell line
incurs the most cell death in its control well. These results are quantified in Figure 24.
Using an unpaired student t-Test, the CCLl49 results were shown to have no statistical
difference. However, the CCLl85 cell line was shown to have significant statistical
difference when comparing the results of the 0 cmH20 well to the 5 cmH 20 well and
when comparing the 10 cmH 20 well to the 14 cmH 20 well.
Figure 22: CCLl85 Cells Subjected to Static Pressure (lOX)
(From Left to Right = 5 cmH 20, 10 cmH20, 14 cmH20, 18 cmH20, 22 cmH20)
Figure 23: CCLl49 Cells Suhjccted to Static Pressure (lOX)
(From Left to Right =:; cmH 20. 10 cmH 20. 14 cmH:O. 18 cmH:O. 21 cmH:Ol
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Figure 24: Quantification of Cell Death at Static Pressures (CCLI85 and CCLI49)
3.4 Propagating Air-Liquid Intel/ace (Single Pa....s)
Figure 25 shows lOX pictures of CCLl49 cells subjected to bubble propagations at a
fixed temperature (n'Cl and varying velocities of 0.3 mm/s and 30 mm/s. The
pictures represent only a small portion of area subjected to the bubble propagation.
Figure 26 reports the percentage of cell death at these two bubble velocities. along
with the standard error. Using an unpaired student t-Test. these results were shown to
have no statistical difference. It is apparent from these figures that slower bubble
propagations cause more cell death than faster bubble propagations.
Figure 25: Cell Death at Two Different Bubble Yelocities (20X I
(Left =0.3 mm/s. Right =30 mm/sl
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Figun' 24: ()uantification o/'Cell Death at Static Pressures (CCLISS and CCL14l))
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ha\e no statistical dirk-rellce. It is apparent frolll thesc fi~ures that slO\\cr bubble
propagati(1I1'. causc Illllre l·ell de~lth than faster bubble propagations.
Figure 25: Cell Death at
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Figure 26: Quantification of Cell Death at Two Different Bubble Velocities
Figure 27 shows 20X pictures of CCLI49 cells subjected to bubble propagations at
fixed velocity (0.3 mIllis) and varying temperatures of 4<C. 23<C and 37'C. The
pictures represent a small portion of the area subjected to bubble propagations.
Figure 28 quantifies the percentage of cell death that occurs at the various
temperatures. along with the standard error. Using an unpaired student t-Test these
results were shown to have no statistical difference. It is apparent from these figures
that the greatest amount of cell death occurs at 23'C. The extreme temperature
experiments (4'C and 37'C) incur less cell death than the room temperature experiment.
Figure 27: Cell Death at Yarious Temperatures (20X)
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Figure 26: ()lIantification of ('ell Death at Two Different BlIhhll' Yl'1ot'ities
cxpcrimcl1ls (-t C and 37 C) incur less ccll death than the room tcmperature experiment.
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Figure 28: Quantification of Cell Death at Various Temperatures
3.5 Three~Sraill Procedure
Figure 29 shows the success of using dextran (repaired) and ethidium (dead) stains
together. In Figure 29. one can see three dead cells and a single repaired cell.
Figure 30 shows a calcein blue stain of living cells. Presently. no successful stains
have been produced combining dextran. ethidium. and calcein blue together.
Figure 29: Dextran and Ethidium Staining of CCLlS5 Cells (20X)
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Figure 29: Dextran and Ethidium Staining of CCUSS Cells (20X)
Figure 30: Calcein Blue Staining of CCLl85 Cells (20X)
4. Discussion
4.1 Cell Groll·tll ill 96- Well Plates
CCLl85 and CCLl49 epithelial cells should grow as monolayers. However. the
results show a deviation from their normal growing pattern when seeded in 96-well
plates. Normally, when seeded in 6-well plates, cells spread evenly and grow
confluent leaving no gaps. In 96-well plates. these cells have a tendency to
overpopulate in random areas. This random overpopulation causes cells to grow in
heaps and leave various areas unpopulated as seen in Figure 15. This is more apparent
in the CCLl85 cell line than in the CCLl49 cell line.
The CCLl85 line is a cancerous cell line and can he passed an indefinite number of
times. Cancerous cell lines are created hy adding a cancerous gene or mutation to a
normal cell line. These types of cells tend to loose cell-to-cell contact inhihition.
Contact inhihition is responsihlc for limiting cell growth when conflucncy has becn
reachcd. Without contact inhibition. cells grow to contlucncy with no organization.
Cells multiply. but have no bearings as to where they should spread. The CCLI49 Iinc
))
Figure 30: Calcein Blue Staining of CCL IS::; Cells (20X)
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in the CCLlX:'i cell line than inlhe CCLI-1-<) ceillinl'.
The CCLI XS line is a cancerous cell linc and can he passed an indefinite numher of
times. Cancerous cell lines are created hy adding a cancerous gene nr mutation to a
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reached. Without contact inhibition. cells grow to conrJuency with
is not a cancerous line, but a continuous line. This means that in its DNA profile, a
gene or mutation has been added to allow for multiple celI passings, but these changes
do not require the addition of a cancerous gene or mutation to the celIs. Although
continuous lines are not known for losing their contact inhibition, it appears that in the
tight confines of a 96-welI plate, the CCLl49 cells may experience this loss. Loss of
celI-to-celI contact inhibition is the primary cause for uneven celI growth in the 96-welI
plates.
These two celI lines appear to thrive best at the edges of the welI plate. In most cases,
the cells initially settle at the edge of the wells and grow inward. This suggests that
these cell lines are anchorage-dependent. At the edges of the well. celIs can make two
points of contact instead of one and this enhances their stability in the well. The well
surface is made of polystyrene and does not provide an optimal surface for solid
attachments. This is another reason for the uneven growth in 96-well plates.
The uneven growth of cell layers has affected the quality of the experiments. The cells
in overcontluent areas are usualIy unhealthy. In fact. it is not surprising to see celI
death in overcontluent areas. The amount of cell death is sporadic and varies from well
to well due to the unpredictahle growth patterns. For cxamplc. if a livc/dead stain was
done of sevcral control wclIs. thc amount of cell dcath may diffcr from wclI to wcll.
This kind of inconsistcncy makcs it difficult to quantify thc hasclinc cell dcath of a
control wcll. which is normally uscd for comparison with thc cxpcrimcntal wclIs.
Basically, it is difficult to determine whether cells died because of the experiment or
overconfluency.
Even if the control wells were of good quality, quantification of cell death in a given
well would be inaccurate. Research has shown that a confluent cell layer is less
susceptible to stress than a non-confluent cell layer. 26 According to this information,
cells that experience stress in a 96-well plate would have significant cell death in
regions of low confluency and little or no cell death in confluent areas. This would
affect the standard deviation of the average cell death quantified for a given well and
would provide an unsatisfactory representation of cell death for the experiments
performed.
Presently. the quality of experiments performed in 96-well plates is mediocre at best.
To enhance the quality of experiments in 96-well plates. it is first important to find a
cell line that exhibits cell-to-cell contact inhibition. Currently. the CCLl49 cells show
the best growing pattern out of the cell types we have used for research. However.
further research should be conducted to determine whether a more compatible cell line
is available. In the mean time. the addition of collagen to the wells prior to seeding
CCLl49 may help to solve this problem. Adding collagen would supply the cells with
optimal attachment across the well and not only at the edges. This may encourage the
CCLl49 cells to spread evenly throughout the wells. Unfortunately. these are only
possible solutions. The only definite solution is to use larger wells. Fortunatelv. these
cells grow efficiently in 6-well plates and 24-well plates.
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4.2 Oscillating Air-Liquid Intelface
Figure 16 verifies the actuator's ability to perform the necessary movements to
conduct bubble oscillations. Figure 17 verifies the capability of growing a bubble
using the system. Figure 20 presents some successful bubble oscillation runs
performed with the system. Unfortunately, there are still issues with the oscillating air-
liquid interface experiment. The task of the carrying out successful bubble oscillations
is inconsistent; sometimes the oscillations are performed successfully and other times
they are not. Unsuccessful runs are normally accompanied by growth of the bubble,
shrinkage of the bubble, or total lack of oscillations.
The pausing of the bubble must he due to an obstruction in the needle tip because the
actuator continues to perform movements, but the bubble remains static. Since the well
is open to the environment, the simplest explanation is that contaminants are
compromising the fluid in the well. These contaminants could clog the needle tip and
prevent the flow of air in and out of the needle. A more complex explanation of this
problem is to consider a thin film of liquid that may form on the inner wall of the
needle. Initially. when the syringe is inserted into the well. capillary action pulls fluid
into the needle. During the formation of the bubble. most of the fluid is pushed back
into the well with the exception of a thin film that lines the needle wall. After se\"Cfal
oscillations of a bubble. if this thin film begins to grow. it may evelltually form a
pocket of liquid in the needle. This pocket of liquid would form a barrier between the
air in the needle and the air in the bubble. As a result, this would prevent the transfer
of air from the needlc to the bubble or vice versa.
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Bubble growth and shrinkage is noticeable in static bubbles, as well as oscillating
bubbles. Figure 18 shows that when a bubble is left untouched for several minutes it
does not remain static. One possibility is the transfer of moisture between the well and
the environment, lowering or raising the fluid levels in the well. The changing fluid
levels affect the fluid pressure on the bubble and can cause expansion or contraction of
the bubble. Another possibility is the transfer of moisture between the fluid and the
bubble, causing direct growth or shrinkage of the bubble. Knowing that the well is
open to the environment, one of the most obvious causes of bubble growth or shrinkage
is the fluctuation of the air pressure in the laboratory. An increase in the air pressure
could result in shrinkage of the bubble. while a decrease in air pressure could result in
growth of the bubble.
The most likely cause of bubble growth and shrinkage during bubble oscillations is gas
compression. This system oscillates bubbles by pushing and retracting a syringc
plungcr. which movcs air in and out of a nccdlc tip. Unfortunatcly, thc comprcssibility
of air can rcsult in difficulty controlling thc bubblc oscillations. In an effort to corrcct
this problcm, a ncw systcm must bc dcsigncd that docs not dcpcnd on thc dircct control
of air to pcrform bubblc oscillations.
Fortunatcly. thc ncwly proposcd systcm involves only a fcw modifications to thc
previous system. First. the syringe will hc filled with fluid (PBS) instead of air. Ncxt.
the wells will he sealed from the environment with a silicone gasket and bled free of
aIr. Then a capillary tube will be inserted through the gasket into the ccnter of thc wcll.
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which will provide the connection to the air in the outside environment required for
bubble oscillations. The needle from the syringe pump system will also be inserted
into the gasket. The syringe pump will be used to inject and extract fluid from the well
in a sinusoidal fashion. The fluctuation of the fluid pressure in the well will create
positive and negative pressures. These pressures will force air in and out of the
capillary tube, creating an oscillating bubble. Figure 31 shows a schematic of the new
system.
Capillary Tube
~
Oscillating
Bubble
Sealed Well
Syringe System
Fluid Filled
Oscillatory
Movement
Figure 31: New Concept for Oscillating Air-Liquid Interface Experiment
Thcoretically. this dcsign should solvc thc majority of thc stated problcms from thc
previous design. Thc major improvcmcnt is thc usc of a fluid fillcd syringc as opposcd
to an air fillcd syringc. This changc alonc should climinatc all gas comprcssion issucs.
Thc othcr major improvcmcnt in this systcm is thc usc of a scalcd wcll. which will
solvc scvcral problems. First. thc scal should prcvcnt contaminants from making thcir
way into thc wcll. Sccond. thc scal should minimizc thc transfcr of moisturc bctwccn
thc wcll and thc outsidc cnvironmcnt. Finally. thc scal should prcycnt cnvironmcntal
clcments. such as air pressure. from affecting the conditions inside the well.
:'is
Unfortunately, the accumulation of liquid inside the capillary tube and transfer of
moisture between the bubble and the fluid are still possible issues with this design.
However, this new design does seem more promising than the design used in my
research.
The new system should allow for more consistent bubble oscillations. It should be
capable of performing experiments over a longer duration, at a wider range of
oscillation frequencies, and with larger bubble amplitudes. The previous system
performed best at frequencies of 1;4 Hz and when the spread between minimum and
maximum bubble radius was in the range of 0.3 mm. This system could perform
oscillations for durations up to ten minutes. However, if bubble oscillations were
attempted outside of these stated parameters the systems performance was
unsatisfactory. The new system should make it possible to vary the experimental
parameters and perform more consistent bubble oscillations in an effort to induce cell
death. Unfortunately. the successful runs that were performed using the previous
system failed to provide useful results due to the poor control wells.
It is difficult to obtain quality results when the control wells display a considerable
amount of cell death. The control wells are the baseline for comparison of the other
wells in the experiment. The unusual ccll death in the control wclls is attributcd to thc
poor growth in 96-wcll platcs. which has bcen discusscd in thc prcvious scction.
Along with the addition of the new oscillation systcm. thc ccll death in the control
wclls must t'e significantly minimizcd to obtain quality results. As discusscd in the
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previous section, this can be accomplished by using larger well-plates (24-well plate)
or using a cell line that grows more efficiently in 96-well plates.
4.3 Static Pressure
Figure 24 presents the results that were obtained from the static pressure experiment.
It is difficult to draw conclusions from these results. The expectation was to see a rise
in cell death as pressure increased. The CCl 185 cells follow this expected trend from
in the wells with pressures of 0-1 0 cmH:>o. Then for the remaining pressures of
14 cmH 20 and larger, the cell death drops down to below 5%. The CCLl49 cell line
does not follow this trend at all. The CCLl49 cell death never rises above 5% for any
of the pressures.
One explanation of these results could be the leakage of pressure from the sealed wells
during the incubation period. In this case. the assumption would be that pressure
leaked from all wells (CCLl85 and CCLl49). with the exception of the CCLl85 wells
with pressures of 5 cmH 20 and 10 cmH 20. This would explain why cell death only
took place in CCLl85 wells with pressures of 5 cmH 20 and 10 cmH 20. However.
before this experiment was conducted. the sealed wells were pressurized and left to sit
for a thirty minute period. Following the thirty minute period. the wells were
re-checked for pressure to validate that the seals functioned properly. This test
confirmed that pressure leakage is highly unlikely and that there must be another
explanation.
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Due to issues discussed in section 4.1, regarding the quality of cell growth in 96-well
plates and the t-Test statistics, the CCLl49 results are more plausible than the CCLl85
results. The CCLl85 cell death could be the result of poor growth in the 96-well
plates. The CCLl49 cell line results indicate that static pressure has no significant
effect on cells, which is believable. Cells may be able to adjust to handle static
pressures. In fact, dynamic pressure, similar to the kind experienced during
mechanical ventilation, may be required to induce cell death.
Fortunately, a dynamic pressure experiment could be conducted by performing a minor
modification to the static pressure experimental set-up. In the static pressure
experiment, the Harvard Apparatus syringe pump is manually controlled for injection
purposes only. During this process. fluid is injected into a sealed well until the
pressure reaches a desired level. In the dynamic pressure experiment. the Harvard
Apparatus syringe pump could easily be programmed to inject and withdraw fluid in a
desired fashion. The process of injecting and withdrawing fluid inside a sealed well
would create fluctuations in pressure. These fluctuations would produce the dynamic
pressure environment that may induce cell death.
';.4 Propagaling Air-Liquid 1nlo:(ace (Single Pass)
Figure 26 quantifies the cell death that occurs at room temperature due to bubhle
propagation at two different velocities. This figure shows that slow bubhle
propagations cause more cell death than fast bubble propagations. The 0.3 mmls
bubble propagation killed approximately 40\( of the cells. while the 30 mmls bubble
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propagation killed approximately 50/c. In research performed at Tulane University,
researchers studied the possible causes of cell death due to a propagating air-liquid
interface and concluded that the pressure gradient was the reason. 21.22 The researchers
discovered that as the bubble velocity decreases, the pressure gradient increases. The
increase in the pressure gradient causes an imbalance along the cell membrane, which
can rupture it and initiate cell injury that can eventually lead to cell death. Figure 32
illustrates a bubble progression and the imbalances on the cell membrane that develop
from the pressure gradient.
Direction 01 tjuoole Pr!>Qresslon
....
Air Bubble
Fluid Filled Chamber
, Epithelial Cells.
Figure 32: Imbalances Caused by Bubble Propagation 22
Figure 28 quantifies the cell death that occurs from a 0.3 mmls huhhle propagation at
·rc. 2.:rc. and 37'C. The greatest amount of cell death was witnessed at room
temperature (23·C). The other two temperature experiments experienced significantly
less cell death than the experiment performed at room temperature. There are both
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mechanical and biological factors that playa role in cell death. At room temperature, a
cell's membrane has a certain elastic modulus and its repair mechanisms are
functioning at a given intensity. Theoretically, at the low temperature (4'C) the cell's
repair mechanism are barely functioning and the elastic modulus of its membrane is
high. 27 Naturally, the previous statement is the exact opposite for the high temperature
(37'C).
Assuming that the room temperature results are accurate, the following explanation
could clarify the reasons for the difference in cell death across the temperature range.
At the high temperature, the amount of cell injury is initially higher than that which
occurs at room temperature. This is because the elastic modulus of the membrane is
low and more susceptible to rupture from membrane imbalances. However, at the high
temperature, repair mechanisms are functioning on their highest level and able to repair
a good portion of injury that occurs from the bubble propagation. At the 1m\'
temperature, cell injury is lower than at room temperature because the elastic modulus
of the cell membrane is high and more apt to handle the imbalances from the pressure
gradient. Nevertheless. some cells experience injury at 4'C and since the repair
mechanisms arc barely functioning. these injured cells die. In either case, results show
less cell death at high and low temperature than at room temperature because of the
influence of the mechanical and biological aspects of the cell.
Comparing the high and low temperature results will help determine whether the
clastic modulus of the cell membrane or cell repair mechanisms plays a larger role in
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cell survival. The previous discussion stated that the main reason for cell survival at
low temperature was the high elastic modulus of the cell membrane. At high
temperature, cell survival was attributed to the repair mechanisms functioning on a
high level. It is apparent from Figure 28 that cell death is slightly higher in the low
temperature experiment. This suggests that repair mechanisms playa more significant
role in cell survival than the elastic modulus of the cell membrane. However, the
difference is minute and both factors should be noted for their role in cell survival.
Certainly, the consistency from trial to trial should be improved to formulate a
clear-cut analysis on this matter.
These experiments need to be reproduced using a more technical approach. Initially,
the experiments were performed using a refrigerator and an incubator to bring the cells
to the desired temperature. In this process, the cells were extracted from the
refrigerator or incubator after thirty minutes to perform the actual experiment. In this
transition process, the possibility of heat gain or loss was inevitable. This affected the
consistency of the results from trial to trial because temperatures could vary. The new
temperature stage that is being built will allow for more certainty in the experimental
results. This stage will make it possible to perform the experiments at a given
temperature consistently.
4.5 Thrcc-Stain Proccdure
The three-stain procedure is important because it will make it possible to quantify
cellular injury and repair during the bubble propagation experiment. As of no\\', only
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speculations can be made about cell repair mechanisms. Presently, the assumption is
that repair mechanisms playa major role in survival during the propagation
experiment. The role of the repair mechanisms makes for a good discussion, but
without evidence it can only be taken with a grain of salt. This staining procedure will
assist in solidifying the discussion presented on the propagating bubble results.
Figure 29 shows a successful staining of cells with dextran (repaired) and ethidium
(dead) stain. Figure 30 shows a successful stain using calcein blue (live). All three
stains have not been successfully used together. When implemented together, the
dextran and ethidium stains tluoresce, bUI the calcein blue does no\. Evidently, the
calcein blue stain is being prevented from entering the cell and binding to the active
esterase enzymes 10 cause tluorescents.
There is a possibility that one of the other two stains is interfering with the calcein
blue. It is highly unlikely that the ethidium stain is interfering with the calcein blue
because they are both Molecular Probes products and should be compatible with one
another. It i..; more likely that the dextran is interfering with the calcein blue. In an
effort to sort out this problem. dual-staining of calcein blue and dextran should be tried.
This should help determine whether or not the dextran is interfering with the calcein
hlue. If there is no interference. then the steps in the three-stain procedure may need to
he rcc\'aluatcd and rcstructurcd in an attcmpt to makc it succcssfui. On thc othcr hand.
if it appears that thc dcxtran slain intcrfcrcs wilh the calccin hluc. thcn this thrcc-stain
pwccdure will bc \\'l"lrthlcss.
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In the event that the three-stain procedure is not salvageable, it will be necessary to
determine another way to quantify repaired cells without the use of calcein blue. In the
three-stain procedure, the main role of the calcein blue was to help obtain a total count
of the cells. The dextran stained for repaired, while the ethidium stained dead cells.
The calcein blue stained the remaining cells that were living. With the exclusion of
calcein blue, counting the living cells must be conducted conventionally using phase or
brightfield images. These types of images are not fluorescent, but regular light images.
The cells are difficult to count using these images because they appear transparent and
hard to define as seen in Figure 33. Unfortunately, without calcein blue the
quantification of repaired cells may be more complicated.
Fi~ure JJ: Phase Contrast Image of CCLl85 Cells (4X)
A simple experiment can be used to test the accuracy of counting live cells with normal
light pictures. Since we ha\"C confidence in the cell counts we achieve using regular
calcein-am. it can be used for comparison. To start. a monolayer of cells can be stained
using calcein-am. which would allow the cells to fluoresce green when excited by
FITC light. Using this monolayer of celb. a normal light picture and a calcein stained
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picture at 20X magnification should be taken in the exact same frame. Then, the
pictures could be counted separately to determine the total number of live cells in each
of the pictures. If the normal light picture cell count is similar to the calcein stained
picture cell count, we can be confident that normal light pictures will be adequate for
counting cells. In this case, we would no longer be dependent on calcein blue-am for
counting live cells and could begin using dextran during the propagation experiment to
quantify repaired cells.
5. Conclusion
CCLl85 and CCLl49 cells grow poorly in 96-well plates due to their loss of contact
inhibition and their desire to grow at the edges of the well plates. These unhealthy
growth patterns can cause premature cell death. which can affect the validity of the
experiments performed in 96-well plates. However, the addition of collagen may
enhance the growth of CCLl49 cells in 96-well plates. Unquestionably, larger well
plates provide a more conducive environment for healthy cell growth.
The system designed to conduct air-liquid interface oscillations has several Oaws.
During oscillations. the bubble may grow. shrink. or fail to oscillate. Obstructions in
the needle tip could preyent proper air Oo\\'. resulting in a static bubble during
oscillations. Growth and shrinkage of the bubble during oscillations is mainly
attributcd to gas compression. These Oaws inhibit the systcm from proYiding
consistcnt bubble oscillatic1I1s. In addition to thc systcms problems. thc cell dcath in
67
control wells must be minimized. Modifications should be made to the experiment to
solve the above stated issues and obtain results.
Dissimilar results were obtained from the CCL185 and CCL149 cells during the static
pressure experiment. When compared to CCL185 cells, CCL149 cells demonstrate a
healthier growing pattern in 96-well plates. Thus, there is more confidence in the
CCL149 results. The CCL149 results illustrate that static pressure does not damage
cells; dynamic pressure may be needed to induce cell death. Fortunately, only one
modification needs to be made to the current experimental set-up to perform dynamic
pressure experiments.
During the propagating air-liquid interface experiment, greater cell death was
witnessed at 0.3 mmls than at 30 mmls because the pressure gradient increases with
decreases in bubble velocity. The pressure gradient is responsible for imbalances along
the cell membrane. which can cause cellular damage. A temperature variation study of
the propagating air-liquid interface verified the majority of cell death at 23<C.
Experiments performed at 4'C and 37'C showed a similar amount of cell death. which
was less than the amount of cell death at 2~rc. The differences in cell death are an
outcome of alterations in the mechanical (clastic modulus) and biological (repair
mechanisms) properties of the cells duc to tcmpcrature. At J7'c. rcpair mechanisms
are fully functioning and can rcpair most cellular damage causcd by the bubble
propagation. At 4'C. thc clastic modulus of thc cellmcmbranc is high and can prc\"ent
cellular damage. which occurs from imbalances of the pressure gradient.
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The three-stain procedure is essential for quantifying injury and repair of cells during
the bubble propagation experiment. At this time, a successful stain incorporating
calcein blue (live), ethidium homodimer (dead) and dextran (repaired) has not been
accomplished. It is likely that the dextran is interfering with the calcein blue. In this
case, calcein blue may need to be excluded from the protocol and a phase or brightfield
image will need to be taken to quantify live cells.
This research was performed to study the cellular damage that may occur from the
mechanical stress present during low tidal volume ventilation. It has become very clear
from this research that not only mechanical, but also biological properties of the
epithelial cells playa major role in their survival when subjected to a mechanical
stress. These results may provide some insight to this area of ongoing research. In
conclusion, ongoing research of mechanical ventilation is necessary to further improve
the survival rate of ARDS patients.
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